The spin polarization of electrons injected into GaAs from a CoFe/ MgO͑100͒ tunnel spin injector is inferred from the circular polarization of light emitted from a GaAs-based quantum well ͑QW͒ detector. The circular polarization strongly depends on the spin and electron hole recombination lifetimes in the QW. Using time-resolved optical techniques, we show that these lifetimes are highly temperature dependent. A peak in the charge lifetime versus temperature is likely responsible for the previously observed dip in the electroluminescence polarization. Evidence for a temperature-independent spin injection efficiency of ϳ70% from 10 K to room temperature is found. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.2149369͔ Spin injection from ferromagnetic contacts into semiconductors is a key ingredient for spintronic applications. Recently, spin injection from various ferromagnetic materials into GaAs-based semiconductors has been reported. [1] [2] [3] [4] [5] [6] [7] In these experiments, the spin polarization in the semiconductor is detected optically by measuring the degree of circular polarization P EL of the electroluminescence ͑EL͒ emitted from recombining electrons in a semiconductor quantum well ͑QW͒. In general, P EL depends in a complex way on bias and temperature T.
Spin injection from ferromagnetic contacts into semiconductors is a key ingredient for spintronic applications. Recently, spin injection from various ferromagnetic materials into GaAs-based semiconductors has been reported. [1] [2] [3] [4] [5] [6] [7] In these experiments, the spin polarization in the semiconductor is detected optically by measuring the degree of circular polarization P EL of the electroluminescence ͑EL͒ emitted from recombining electrons in a semiconductor quantum well ͑QW͒. In general, P EL depends in a complex way on bias and temperature T. [6] [7] [8] Apart from a possible loss of spin polarization as the electron travels from the ferromagnetic contact to the QW, the spin and charge decay in the QW detector plays a significant role in the magnitude of the P EL .
In this letter, we systematically study both spin and charge lifetimes in QWs that serve as spin detectors for spin injection from CoFe/ Mg͑100͒ contacts into GaAs. Lifetimes are determined from time-resolved Kerr rotation ͑KR͒ and time-resolved differential reflectivity ͑DR͒ measurements. The samples investigated exhibit a P EL up to 50% with a pronounced dip in P EL ͑T͒ whose position in T depends on the QW confinement. We show experimentally that this dip derives mainly from a peak in the charge recombination time . With longer , more of the injected electron spins relax before recombining with holes. Accounting for the resulting reduction in P EL , we find evidence of an injected spin polarization of ϳ70% that shows only a slight dependence on T up to room temperature.
In this letter, the samples were prepared in a twostep process as described in Ref. 6 . The semiconductor QW heterostructure used for detection was grown by molecular beam epitaxy on a p-doped GaAs substrate ͑p ϳ 1 ϫ 10 19 cm −3 ͒ with the following structure: 580 nm p-doped Al x Ga 1−x As, 9 75 nm Al x Ga 1−x As,, 10 nm GaAs, 15 nm Al x Ga 1−x As,, 100 nm p-doped Al x Ga 1−x As, ͑p ϳ 1x10 17 cm −3 ͒, and finally a 5-nm-thick undoped GaAs top layer to protect the ALGaAs layers from oxidation during processing. For these experiments, sample 1 was grown with a 16% Al-doped barrier ͑x = 0.16͒ and sample 2 was grown with a 8% Al barrier ͑x = 0.08͒. Magnetron sputtering was then used to deposit ϳ3-nm-thick MgO tunnel barriers followed by 5-nm-thick Co 70 Fe 30 top electrodes. Finally, a 5-nm-thick Ta capping layer was added to prevent oxidation of the CoFe.
For the measurement of spin and charge lifetimes, the samples were placed in an optical cold-finger cryostat. A circularly polarized pump and a linearly polarized probe beam from a mode-locked Ti: sapphire laser were focused to overlapping spots on the CoFe/ MgO injector. The angle of incidence of both beams was about 5°to the sample normal. The diameter of the probe beam was ϳ20 m, while the pump beam was slightly broader. The 2 ps probe-beam pulses were delayed with respect to the pump pulses by a time ⌬t between −150 and 3000 ps. The circularly polarized pump pulses were tuned to the heavy-hole absorption peak of the QW and thus were expected to create ϳ100% spinpolarized electron-hole pairs in the QW. Owing to the magneto-optical KR effect, the polarization axis of the probe beam reflected off the sample was rotated by an angle proportional to the electron spin polarization along the probebeam direction. Using lock-in techniques, only the pumpinduced KR was measured in a balanced bridge setup, thus eliminating KR from the ferromagnetic electrode. Pumpinduced changes of the reflected probe intensity were monitored simultaneously using additional lock-in amplifiers. In order to make the conditions in the QW as close as possible to the ones when measuring P EL ͑described in Ref. 6͒, a magnetic field B along the sample normal as well as an electric bias between the CoFe and an ohmic contact on the backside of the p-doped GaAs substrate were applied. The negative contact was on the CoFe side. 1 is the difference between two sets of measurements using pump beams with opposite circular polarization. Both KR and DR decay exponentially, but with different decay constants. The decay in DR is due to charge recombination, 10 and an exponential fit yields the charge recombination time . The decay time T s of the KR signal is given by both and the spin lifetime s through T s −1 = s −1 + −1 , because the KR angle is proportional to both the spin polarization and the number of electrons in the QW. For the fits shown in Fig. 1 , we obtain T s = 200 ͑220͒ ps and = 360 ͑722͒ ps at T =25 ͑125͒ K.
The decay times and T s are measured between 10 and 300 K for sample 1, and are presented in Fig. 2͑a͒ , together with s . Open and closed symbols are for B = 0 and 0.8 T, respectively. The charge-recombination time increases from ϳ300 ps at 10 K to more than 700 ps at 125 K. At higher temperatures, decreases and reaches ϳ150 ps at room temperature. Such a nonmonotonic behavior has been observed previously in Refs. 10-12, and is explained by an interplay of a radiative recombination time that increases with T 13 and a nonradiative lifetime that decreases with T. The error bars ͓as shown for the data points at 175 and 290 K in Fig. 2͑a͔͒ arise from a variation of the measured lifetime with the optical wavelength, an uncertainty of the exponential fit due to an offset in the time-resolved reflectivity measurements, and device variations across the wafer. Taking the estimated error into account, we do not observe a significant B dependence of for sample 1 up to 0.8 T. On the other hand, s clearly shows an increase with B of about 5%-20% at 0.8 T, which is larger than the estimated error in T s of about 5 ps.
At the time of recombination in the QW, the average injected spin polarization is reduced by a factor = s / ͑ s + ͒ = T s / .
14 For example, 0.7· represents the EL polarization one would observe from the QW if the CoFe/ MgO contact injects 70% spin-polarized electrons. Figure 2͑b͒ shows for sample 1 together with P EL 6 measured on a sample from the same wafer at a bias of 2.0 V. Open symbols represent data obtained at zero field, whereas closed symbols were obtained at B = 0.8 T. Qualitatively, the temperature behavior of is very similar to that seen in P EL , showing a characteristic dip that can be related to the observed peak in . The data in Fig. 2 indicate a spin-injection efficiency of ϳ70% up to room temperature.
Note that the P EL ͑T͒ minimum appears slightly displaced towards smaller T relative to ͑T͒. Such deviations could arise from the different experimental conditions used for the time-resolved optical studies. The optical excitation with pump pulses leads to a modification of the band profile that is different than for electrical injection alone. Without optical excitation, injected electrons recombine with unpolarized holes from the p-doped substrate, whereas optical pumping directly provides heavy holes for recombination, which possibly modifies as well as s . We have taken care to minimize this effect by using a pump power that is low enough to eliminate the data dependence on pump power. Also, and T s presented in Fig. 2 are obtained at 0 and 0.8 T, while P EL is the polarization measured when the CoFe moments are fully polarized out of plane after linear subtraction of a B-dependent background signal. 6 In our experimental configuration, it was not possible to apply larger magnetic fields than 0.8 T.
In a shallower QW sample with an Al concentration in the barrier of 8% ͑sample 2͒, the peak in is displaced towards lower T, as seen from Fig. 3͑a͒ . This result is in agreement with results from Ref. 12 as well as with experiments on narrow QWs, 11 where, due to the smaller QW confinement, the onset of nonradiative decay occurs at lower T owing to thermally activated carrier escape. Because of the weak confinement of carriers in sample 2, EL can only be observed up to 100 K. Also included in Fig. 3͑a͒ are data   FIG. 1 . Time-resolved Kerr rotation ͑a͒ and differential reflectivity ͑b͒ for the QW with 16% Al measured at 25 and 125 K, B = 0.8 T and a bias of 2.0 V. The exponential decay of the KR signal is given by both spin decay and charge recombination, whereas the time evolution of the differential reflectivity is affected only by charge recombination. Exponential fits appear as straight lines. From these measurements, the spin lifetime s and the charge recombination time are determined.
FIG. 2. ͑a͒
Measured ͑circles͒, T s ͑squares͒ and s ͑diamonds͒ vs T for the sample with 16% Al and a bias of 2.0 V. The curve of s exhibits a monotonic decrease with T, whereas peaks at ϳ125 K owing to the onset of nonradiative recombination. ͑b͒ Spin detector efficiency = T s / ͑triangles͒ as obtained from ͑a͒, together with measured P EL ͑crosses͒. The scale for is chosen such that P EL = 0.7 coincides with = 1, i.e., a match of the two curves corresponds to 70% spin injection efficiency. Open and closed symbols are for B = 0 and 0.8 T, respectively. obtained at B = 0.8 T ͑filled symbols͒. At T =10 K, increases with B, whereas it decreases slightly at higher T, but this trend is smaller than the estimated error ͑see error bar at 45 K͒. The KR decay time T s increases by about 20%-30% with B for T Ͼ 30 K.
In Fig. 3͑b͒ the resulting of sample 2 is compared with P EL measured at a bias of 1.9 V. Once again, the nonmonotonic temperature dependence of qualitatively matches the behavior of P EL , and the data indicate a spin-injection efficiency of ϳ70% over the temperature range measured. The increase of with the applied field for T Ͼ 30 K is due to a corresponding increase of s , which can be explained with magnetic field suppression of D'yakonov-Perel spin relaxation for free electrons. 15 In our samples, we do not observe a significant increase of s with T for T Ͼ 70 K, contrary to what has been suggested to be responsible for an increase of P EL with T. 6, 7 In conclusion, time-resolved Kerr rotation, differential reflectivity, and electrical spin injection experiments performed on two different GaAs QW spin detectors suggest that the T dependence of the carrier recombination in the QW is largely responsible for the nonmonotonic temperature dependence of P EL observed in recent spin-injection experiments. While both spin and recombination lifetimes affect P EL vs T, the observed dip in P EL that occurs in both samples is attributed to a corresponding peak in the recombination lifetime in the QW. These results show that the electrical spin injection efficiency from CoFe/ MgO spin injectors exhibits a much smaller temperature dependence than the electroluminence polarization, and indicate a high injection efficiency of ϳ70% for temperatures from 10 K up to room temperature.
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